Abstract: Changes in the sizes of precipitation events in the context of global climate change may have profound impacts on ecosystem productivity in arid and semiarid grasslands. However, we still have little knowledge about to what extent grassland productivity will respond to an individual precipitation event. In this study, we quantified the duration, the maximum, and the time-integrated amount of the response of daily gross primary productivity (GPP) to an individual precipitation event and their variations with different sizes of precipitation events in a typical temperate steppe in Inner Mongolia, China. Results showed that the duration of GPP-response (τ R ) and the maximum absolute GPP-response (GPP max ) increased linearly with the sizes of precipitation events (P es ), driving a corresponding increase in time-integrated amount of the GPP-response (GPP total ) because variations of GPP total were largely explained by τ R and GPP max . The relative contributions of these two parameters to GPP total were strongly P es -dependent. The GPP max contributed more to the variations of GPP total when P es was relatively small (<20 mm), whereas τ R was the main driver to the variations of GPP total when P es was relatively large. In addition, a threshold size of at least 5 mm of precipitation was required to induce a GPP-response for the temperate steppe in this study. Our work has important implications for the modeling community to obtain an advanced understanding of productivity-response of grassland ecosystems to altered precipitation regimes.
Precipitation regimes, which can be characterized by intra-and inter-annual variability of precipitation amount and the features of precipitation events (i.e. timing, size and frequency), have been expected to change locally, regionally and globally in the future (Easterling et al., 2000; Huxman et al., 2004a; Beier et al., 2012) . It has been predicted by global circulation models that there would be less but larger precipitation events, and the frequency of extreme precipitation events would also increase globally in the context of global climate change (IPCC, 2013) . Considering that the precipitation events are mostly of small sizes (2-5 mm is the mostly frequent) in arid and semi-arid regions (Li et al., 2001; Loik et al., 2004) , the changes in the sizes of precipitation events may have significant consequences on productivity of grassland ecosystems because grasslands are among the most sensitive ecosystems to precipitation changes. Studies have suggested that the effects of precipitation events on productivity may be as important as the annual amount of precipitation (Swemmer et al., 2007; Walter et al., 2012) . Therefore, it is imperative to study the response of productivity to different sizes of precipitation events in grassland ecosystems.
Many studies have documented that the sizes of precipitation events have strong effects on grassland productivity, however, the effects are ecosystem specific (Cherwin and Knapp, 2012; Zeppel et al., 2014) . It has been reported that if the annual precipitation is predominantly composed of larger precipitation events, an increase in aboveground net primary productivity (ANPP) would be usually observed in drier environments (Heisler-White et al., 2008 Thomey et al., 2011; Huang et al., 2015) , whereas a decrease of ANPP would be found in more humid environments (Knapp et al., 2002; Fay et al., 2003; Harper et al., 2005; Heisler-White et al., 2009 ). However, these previous studies were mostly based on the total amount of productivity of the year which primarily reflects the overall effects of all the precipitation events and their seasonal distribution, whereas the patterns of precipitation events may have great variations among years at one site or among different ecosystems. Therefore, to more precisely predict the effects of altering precipitation events on productivity, it is imperative to address how productivity responds to individual precipitation events and how this response varies with the sizes of precipitation events. Nevertheless, there is still a knowledge gap about this mainly because of the lacking of productivity data with high time resolution.
The reported productivity-response to an individual precipitation event showed that there was an ecologically effective precipitation pulse, below which the plants would have no response and only the activity of microorganisms could be enhanced (Huxman et al., 2004a; Parton et al., 2012) . Studies in grasslands have suggested that the ecologically effective precipitation pulse for the response of productivity was 5 mm in the temperate steppe in Inner Mongolia of China (Hao et al., 2010 (Hao et al., , 2012 . There is also an upper limit threshold, e.g. the extreme precipitation events, above which the stimulation of productivity by precipitation events disappears (Heisler-White et al., 2008; Ross et al., 2012; . Previous studies have shown that plant growth and CO 2 exchange increased with increasing sizes of precipitation events (Chen et al., 2009; Li et al., 2013) . Although there are a lower limit and an upper limit of precipitation event sizes for the productivity-response, the shape of the relationship between the productivity-response to an individual precipitation event and the size of the precipitation event remains unclear, which is critical to modeling productivity under altering precipitation regimes in the future. Additionally, Huxman et al. (2004a) came up with a conceptual response of productivity to an individual precipitation event, in which the productivity-response could vary in terms of its duration, maximum, and time-integrated amount. Previous studies have demonstrated that inter-annual variations of gross productivity could be characterized by the length of the growing season and its maximum at daily scale (Xia et al., 2015) ; however, our knowledge is very limited about if the time-integrated amount could be depicted by the duration and the maximum with respect to the productivity-response to an individual precipitation event.
In this study, we quantified the response of gross primary productivity (GPP) to different sizes of precipitation events in a typical steppe in Inner Mongolia, China. Our objectives are to address two questions: (1) How much does GPP respond to an individual precipitation event in terms of its duration, maximum, and time-integrated amount? How does this response vary with the sizes of precipitation events? and (2) 
Measurements
Three plots were randomly selected in 2012. The size of each plot is 4 m×3 m with a 2-m distance between plots. During 2012 and 2013, we measured the net ecosystem exchange (NEE) of CO 2 over the steppe by a multichannel automated chamber system connected to an infrared CO 2 analyzer (IRGA, Li-840, Li-Cor Inc., Nebraska, USA) and a data logger (CR3000, Campbell Scientific, Inc., Logan, UT, USA), which was developed by Dr. Liang from the National Institute for Environmental Studies of Japan (Tan et al., 2013) . The automated system consists of 12 transparent PVC chambers and a control unit, and three chambers were used in this study. Each chamber has a dimension of 100 cm×100 cm and a height of 50 cm, of which 5 cm is below the soil surface. There are a transparent PVC lid constructed in two halves on the top and two small side windows (15 cm×25 cm) at the two opposite sidewalls to keep good air circulation and thus minimize temperature increase during the non-measurement period. The closing and opening of the lid halves and side windows are controlled by the control unit. Two fans (KMFH-12B, Kyoei, Tokyo, Japan) are equipped inside to ensure sufficient mixing of air during the measurements. A closed-cell PVC strip (5 mm×5 mm) is attached to the edges of the underside of the lids and side windows to seal the chambers when the lids are down and the windows are closed (Liang et al., 2003) . The lids and side windows are equipped with the piston of a pneumatic cylinder (MCS300, Techno Fronto, Hitachi, Japan), which are run by an air compressor. During the measurements, the chambers are closed sequentially by a homemade relay board under the control of the data logger, and then air in the closed chamber is circulated through the IRGA by a micro diaphragm pump (CM-50, Enomoto Ltd., Tokyo, Japan). The sampling period for each chamber is 150 s (i.e. it takes 0.5 h for the measurements of all the 12 chambers), and the data logger monitors output signals from the IRGA at a rate of 1 Hz and records their averages at 10-s intervals. In order to exclude the effects of impure air and erratic air pressure, we rejected the data of the first 10 s and the last 10 s. Finally, we got one measurement of each chamber in half an hour. NEE was calculated by the exchange rate of CO 2 during the periods of measurement (i.e. 130 s):
where V is the volume of the chamber (m 3 ); P is the air pressure (Pa); W is the water vapor mole fraction; R is a gas constant (8.314 Pa m 3 /(mol•K)); S is the base area of the chamber (m 2 ); T is the air temperature in the chamber (K); and u c /u t is the rate of increase in carbon dioxide mole fraction (mmol/(mol•s)) in the chamber calculated by the least squares method.
Because nighttime NEE represents only ecosystem respiration (ER), we used the relationship between nighttime NEE and soil temperature to estimate daytime ER (Lloyd and Taylor, 1994) . Further, soil water is also considered when evaluating the daytime ER because our study site has a dry environment (Reichstein et al., 2002) . In this study, daytime ER was estimated by:
where R eco.ref is the ecosystem respiration at reference temperature (T ref , 10°C) and optimal soil moisture; SWC is the soil water content; T s is the soil temperature; b 1 and b 2 are constants evaluated from the relationship between night-time ER and temperature and SWC.
Therefore, GPP was indirectly estimated by: GPP=ER daytime -NEE.
(3) Where the negative NEE denotes a carbon flux into the steppe, whereas positive NEE denotes the reverse.
There are two self-made thermocouples in each chamber to measure air temperature and soil temperature (at a depth of 5 cm) with the same time resolution as CO 2 flux recorded by data logger. Volumetric soil water contents at the depths of 5, 20, and 40 cm were measured and calculated simultaneously at half-hourly and daily intervals by a meteorological measurement system nearby.
Data analysis
In the present study, an individual precipitation event was defined as a series of one or more consecutive days of rainfall followed by at least 1 day without rainfall.
We denoted GPP prior to the precipitation event as GPP base , which was averaged over three days before the event to better represent pre-rainfall GPP. Based on this, we evaluated the responses of GPP to an individual precipitation event in terms of its duration, maximum, and time-integrated amount: (1) the duration of GPP-response (τ R ), which was calculated as the number of days required for GPP recovering its pre-precipitation event level of the GPP base . If the daily GPP could not reach the GPP base due to the occurrence of the next precipitation event, we would use a linear extrapolation method to estimate it; (2) the maximum absolute GPP increase (maximal magnitude of GPP increase; GPP max ) induced by the precipitation event, i.e. the maximal difference between daily GPP after rainfall and GPP base ; and (3) the time-integrated amount of GPP-response (integrated total amount of GPP) during the response period (duration) (GPP total ). GPP total was computed with:
Where τ R is the duration of GPP-response, and GPP base is the daily GPP before the precipitation event.
We also calculated the event-based precipitation use efficiency (PUE ev ), which was the division of GPP total by the size of the precipitation event. In addition, we evaluated the mean daily GPP-response to the precipitation event (GPP mean ), which was the division of GPP total by τ R .
The GPP-response to an individual precipitation event may be confounded by other factors, e.g. soil water brought by previous rainfalls, leaf area, and photosynthetic capacity at different growth stages (Huxman et al., 2004a) . To precisely evaluate the GPP-response to an individual precipitation event, several criteria should be satisfied for the selected precipitation events. Firstly, pre-rainfall SWC should be very low (mostly lower than the average SWC, i.e. 0.088 cm 3 /cm 3 in this study) and the pre-inter-pulse period should be longer than 5 days to avoid the effects of the previous precipitation events that may shadow or confound the response of GPP to the precipitation event of interest. We did not evaluate the GPP-response during the middle or late growing season because the high precipitation frequency made it difficult to exclude the effects of the previous rainfall for most individual precipitation events. Secondly, the GPP-response to a certain size of precipitation event will vary with different leaf areas, hence, in order to eliminate the effects of leaf area, we normalized the GPP-response (i.e. GPP max , GPP total , GPP mean , PUE ev , but not τ R because τ R is mostly affected by the duration of SWC) with a division by leaf area index (LAI). LAI is evaluated by data of normalized difference vegetation index (NDVI) with models developed by Hu et al. (2009) 
Results

Dynamics of GPP after precipitation events
The amount of precipitation during the periods of measurement (from DOY 137 to 262 in 2012 and from DOY 157 to 249 in 2013) was 275.5 mm in 2012 and 224.4 mm in 2013, respectively, and the total amount of GPP was 303.2 g C/m 2 in 2012 and 289.8 g C/m 2 in 2013, respectively. GPP usually increased after precipitation events and also traced closely with the increase of soil water due to rainfalls (Fig. 1) . Such time series of GPP variations triggered by precipitation pulses were more evident for the selected precipitation events (Fig. 2) . GPP reached a peak 1-4 days after the pulses and then decreased to the pre-precipitation level till the next precipitation event. Although it varied with SWC in parallel, in some cases precipitation-triggered GPP changes lagged behind the changes of SWC which peaked usually about one day after the precipitation event. Fig. 1 Dynamics of daily GPP and SWC in 2012 and 2013 in a typical steppe in Inner Mongolia. The six precipitation events we selected were indicated by arrows above the precipitation event bars. GPP, gross primary productivity; SWC, soil water content; DOY, day of year.
Fig. 2
Dynamics of daily GPP and SWC after different sizes of precipitation events in a typical steppe in Inner Mongolia. Rainfalls occurring for consecutive days were taken as one precipitation event (e.g. precipitation event with the size of 21.9 mm was composed of rainfalls during three consecutive days). All the subpanels have the same scaling for the y-axis of GPP, SWC, and precipitation.
Responses of GPP to different sizes of precipitation events
The duration of GPP-response (τ R ) to an individual precipitation event, the maximum absolute GPP increase induced by the event (GPP max ), and the time-integrated amount of GPP during the response period (GPP total ) all presented a linear increase with the sizes of precipitation events (P es ). When the precipitation event size ranged from 4.7 to 40.2 mm in the steppe studied, τ R ranged from 5 to 18 d (Fig. 3a) , the GPP max varied from 1.4 to 6.4 g C/(m 2 •d) (Fig. 3b) , and GPP total increased from 2.0 to 53.8 g C/m 2 (Fig. 3c) , respectively. The mean of GPP-response to the precipitation event (GPP mean ) varied from 0.4 to 3.0 g C/(m 2 •d) (Fig. 3d ). There was a significantly linear relationship between the GPP total and P es (Fig. 3c ). From this relationship we could identify a critical value for P es , above which the real response of GPP happened, i.e. GPP total >0. According to the regression equation (GPP total =1.38P es -7.06), a size of precipitation larger than 5 mm at least was needed to stimulate the increase of GPP after rainfall in this steppe, i.e. the ecologically effective precipitation event. In addition, the event-based precipitation use efficiency (PUE ev ; Fig. 4 ) also increased linearly with increasing P es , but the regression was only marginally significant (P=0.06).
The time-integrated amount of GPP-response to a precipitation event was determined by the response period (duration) and the maximum absolute GPP increase induced by the precipitation event (GPP max , relative to the GPP base ). We described this using a covariate multiple linear regression with a very high coefficient of determination:
GPP total =2.43GPP max +2.43τ R -0.76GPP max ×τ R -3.65. (n=6, R 2 =0.99, P<0.001).
The stepwise regression analysis showed that τ R explained 47.2% of the variations of GPP total , which was comparable to the explanatory power of GPP max (49.8%). However, the GPP total was mostly determined by the GPP max when P es was relatively small (e.g. <10 mm), whereas the GPP total was mainly determined by the GPP-response period when P es was relatively large (Fig. 5) . Fig. 3 The variations of the duration of GPP-response (τ R ) to a precipitation event (a), the maximum absolute GPP increase (GPP max ) induced by the event (b), the time-integrated amount of GPP (GPP total ) during the response period (c), and the mean daily GPP (GPP mean ) since the event (d) along sizes of precipitation events in a temperate steppe in Inner Mongolia. Fig. 4 The variations of the event-based precipitation use efficiency (PUE ev ) along sizes of precipitation events (P es ) in a temperate steppe in Inner Mongolia. PUE ev was calculated as the division of the time-integrated amount of GPP-response by P es . precipitation event) shows the length of time period (duration) of GPP-response, and the y-axis indicates the temporal change of GPP-response magnitude. The dark gray area implies that the increase of the time-integrated amount of GPP-response to the precipitation event from 5 to 10 mm was mainly from the increase of the maximum absolute GPP-response, while the light gray area implies that the increase of the time-integrated amount of GPP-response to the precipitation event from 20 to 40 mm was mainly dependent on the increase of GPP-response period.
Discussion
The GPP-response to an individual precipitation event increased linearly with the increasing sizes of precipitation events (P es ) in terms of duration (τ R ), maximum (GPP max ) and time-integrated amount (GPP total ). Our results are consistent with a conceptual response of productivity to a single rainfall, in which a linear relationship was employed when precipitation event size was between the low-limit and up-limit of the productivity-response (Huxman et al., 2004a) . The positive relationship between GPP-response and P es is mostly due to the corresponding responses of soil moisture to P es . Most previous studies have showed that productivity of the temperate steppe in Inner Mongolia was primarily constrained by water availability (Hu et al., 2007 (Hu et al., , 2010 Bai et al., 2008) . Moreover, the duration and amount of SWC also positively responded to P es (the correlation coefficients between P es and the duration and amount of SWC was 0.84 and 0.90, respectively in this study, data not shown), which is also consistent with previous studies (He et al., 2012) . Higher SWC after heavier precipitation and thus higher photosynthesis led to corresponding higher GPP-response. However, there might be an upper limit of P es for the increase of GPP-response, above which other factors, e.g. plant photosynthetic capacity, leaf area, and soil nutrient content, might play a critical role (Hu et al., 2008; Li et al., 2008; . For example, a study in arid and sub-humid ecosystems indicated that plant photosynthesis did not vary much when soil water content after rainfall reached to a critical level and the ecosystems were instead limited by soil nitrogen availability (Yandjian et al., 2011) .
The event-based precipitation use efficiency (PUE ev ) was positively related to P es with marginal significance, suggesting that the relationship between GPP total and P es was not a simple linear function. The increasing trend of PUE ev along P es may be partly due to the vertical distribution of SWC after rainfalls. It has been reported that small precipitation events only affected SWC in surface soil but that heavy ones affected the deeper soil layers (Kurc and Small, 2007; He et al., 2012; Lauenroth and Bradford, 2012) . Moreover, studies also have reported that there were remarkably positive correlations between soil evaporation and surface SWC and between plant transpiration and deeper SWC (Yepez et al., 2005) . Taking account into the low vegetation cover but high evaporative demand in the temperate steppe in Inner Mongolia, precipitation of small sizes would be mostly returned to the atmosphere through soil evaporation, whereas precipitation of large sizes would be more effectively taken up by plants , i.e. higher PUE ev after heavier precipitation. Therefore, when our regression between GPP-response and P es is used to model the GPP-response under altering precipitation event sizes, we should be cautious for two reasons. Firstly, the sample size of this study is relatively small, and there are no extreme precipitation events larger than 40 mm in reality in the study area.
According to the positive PUE ev -P es relationship (implying an increasing rate of GPP-response along P es ), an exponential relationship between GPP total and P es is likely more rational with more observations incorporated. Secondly, the regression may be ecosystem specific. The effects of species composition or soil texture on the GPP-response to an individual precipitation event should not be ignored (Austin et al., 2004; Huxman et al., 2004b) . For example, a study in the grassland of Argentina showed that responses of productivity to precipitation differed between shrubs and herbaceous plants (Jobbágy and Sala, 2000) . Hence, our results may only reflect the responses of GPP to precipitation events for temperate steppes.
Although GPP total could be well characterized jointly by τ R and GPP max , the relative contributions of τ R and GPP max were evidently depended on P es . When P es was relatively small, the GPP max contributed more to the variation of GPP total than to that of τ R ; whereas, when P es was relatively large, the reverse held true. Previous studies demonstrated that GPP-response started at an around 5-mm threshold of P es in a typical steppe in Inner Mongolia (Hao et al., 2010 (Hao et al., , 2012 , which is very close to the threshold value in the present study. Obviously, precipitation events below this threshold could not trigger a detectable GPP-response, and thus GPP was substantially constrained by soil moisture status when P es was relative small. As P es increased, the soil water limitation was largely alleviated and thus there would be a large increase of productivity (i.e. large GPP max ), whereas the increase of the duration of SWC-response at this size of precipitation was relatively small. Therefore, the increase of GPP total was mainly induced from the increase of GPP max . As P es kept increasing, we argued that the maximum absolute GPP-response was most likely determined by the photosynthetic capacity and leaf area (responded slowly to the increasing soil moisture), and GPP max thus did not vary much. Moreover, τ R was more modulated by P es , i.e. the larger P es , the longer τ R , and the larger GPP total would be as well. This implies that τ R is more important when P es is considerably large.
Conclusions
In this study, we quantified the duration, the maximum, and the time-integrated amount of the response of GPP (GPP total ) to an individual precipitation event and their variations with different sizes of precipitation events (P es ) in a typical temperate steppe in Inner Mongolia, China. We found that GPP total increased with P es . The variations in GPP total were largely explained by the GPP-response duration (τ R ) and the maximum absolute GPP-response (GPP max ) after the precipitation event. However, the relative importance of τ R and GPP max to GPP total varied with P es . Clearly, our study may provide an insight into how GPP of the steppe ecosystem responds to altering precipitation regimes. However, the GPP-response to precipitation receives influences from a variety of other abiotic and biotic factors; therefore, further studies under different climate conditions and ecosystem types are needed to better characterize GPP-response to individual precipitation events. In particular, further endeavor is also required to clarify the dynamics of the GPP-response to precipitation within and across plant growing seasons.
